Human respiratory syncytial virus (RSV) is the most important agent of serious pediatric respiratory tract disease worldwide. One of the main characteristics of RSV is that it readily reinfects and causes disease throughout life without the need for significant antigenic change. The virus encodes nonstructural protein 1 (NS1) and NS2, which are known to suppress type I interferon (IFN) production and signaling. In the present study, we monitored the maturation of human monocyte-derived myeloid dendritic cells (DC) following inoculation with recombinant RSVs bearing deletions of the NS1 and/or NS2 proteins and expressing enhanced green fluorescent protein. Deletion of the NS1 protein resulted in increased expression of cell surface markers of DC maturation and an increase in the expression of multiple cytokines and chemokines. This effect was enhanced somewhat by further deletion of the NS2 protein, although deletion of NS2 alone did not have a significant effect. The upregulation was largely inhibited by pretreatment with a blocking antibody against the type I IFN receptor, suggesting that suppression of DC maturation by NS1/2 is, at least in part, a result of IFN antagonism mediated by these proteins. Therefore, this study identified another effect of the NS1 and NS2 proteins. The observed suppression of DC maturation may result in decreased antigen presentation and T-lymphocyte activation, leading to incomplete and/or weak immune responses that might contribute to RSV reinfection.
Human respiratory syncytial virus (RSV) is the most important viral agent of serious respiratory tract illness in infants and children worldwide (14, 15) . It is estimated that, in the United States alone, the yearly number of hospitalizations of infants under 1 year of age due to RSV bronchiolitis or pneumonia is 51,000 to 82,000 and 22,000 to 44,000, respectively (72) . One of the hallmarks of RSV biology is that it readily reinfects throughout life, sometimes even during the same epidemic season and frequently involving strains that are antigenically similar (26, 29; reviewed in references 14 and 15) . Most infants are infected at least twice during the first 3 years of life (29) . Reinfection also is common in adolescents and adults (20) and is an important cause of morbidity and mortality in the elderly and in hematopoietic stem cell transplant recipients (22) .
The high incidence of reinfection by antigenically similar strains is generally taken as evidence that the immune response to RSV infection is deficient, but this important and complex issue is poorly understood (15) . In the most extensively characterized example of RSV-mediated immune suppression, the viral nonstructural proteins 1 and 2 (NS1 and NS2) have been shown to inhibit the induction of alpha, beta, and lambda interferons (IFN-␣, -␤, and -) as well as signaling through the IFN-␣/␤ receptor (IFNAR) (10, 21, 44, 75, 76) . Deletion of viral IFN antagonists can greatly reduce RSV growth in IFNcompetent cells and in vivo, indicating their importance to viral replication (80) . In addition, type I IFN generally might enhance innate and adaptive immune responses. Thus, a reduction in IFN production and signaling may decrease the magnitude and quality of the adaptive response and decrease protection against reinfection. For example, with bovine RSV, deletion of the NS2 protein resulted in a virus that efficiently induced virus-neutralizing serum antibodies and virus-specific CD4 ϩ T lymphocytes despite a high level of attenuation, an effect thought to reflect increased immunogenicity (83) . In mice, suppression of the type I IFN response by the human RSV NS2 protein was shown to inhibit the CD8 ϩ T-lymphocyte response (37) . We note that the NS2 protein is the major IFN antagonist of RSV in the bovine and murine systems, whereas the NS1 protein plays the major role in humans, as shown in the present report.
In the present study, we investigated whether the RSV NS1 and NS2 proteins affect the maturation of immature myeloid DC during RSV infection. Immature DC reside in peripheral tissues and serve as sentinels that actively capture and process antigens. Following uptake of an antigen, DC undergo profound changes, called maturation, that greatly enhance their ability to present antigen in the context of major histocompatibility complex (MHC) type I and type II molecules to naive antigen-specific T cells. DC maturation is characterized by increased expression of MHC molecules and various accessory (costimulatory) molecules, which interact with their receptors on T cells. DC maturation is also accompanied by expression of various cytokines and chemokines that play important roles in attracting and activating T cells (reviewed in reference 5). Although plasmacytoid DC are known to be the major producers of type I IFNs in many tissues (12, 73) , a recent study suggested that, during pulmonary viral infections, myeloid DC, propagation, the medium was further supplemented with 100 IU/ml penicillin and 100 g/ml streptomycin sulfate (Invitrogen). Cells were infected at an input multiplicity of infection (MOI) of 0.5 (here and below, the MOI is indicated in PFU) and harvested by scraping when the cytopathic effect was extensive. The cells were collected by centrifugation at 200 ϫ g at 4°C for 10 min, subjected to freeze-thaw to release virus, and centrifuged again. The supernatants were layered onto discontinuous 30 to 60% (wt/vol) sucrose gradients and subjected to centrifugation at 120,000 ϫ g at 4°C for 90 min. The virus-containing bands were collected and, in order to eliminate sucrose, were diluted with Advanced RPMI 1640 medium containing 2 mM L-glutamine, pelleted by centrifugation at 8,000 ϫ g at 4°C for 2 h, and resuspended in the same medium. Virus aliquots were stored at Ϫ80°C, and the concentrations were determined by plaque assay as described previously (53) . UV inactivation of wt RSV (UV-wt RSV) expressing GFP was performed by exposure to UV light in a Stratalinker UV cross-linker (Stratagene, La Jolla CA) using a total dose of 1,296 mJ, which was determined to be the minimum required for complete inactivation of the virus. The lack of residual infectivity was confirmed by plaque assay.
Isolation and culture of human DC. Elutriated monocytes obtained from healthy adult donors according to an approved clinical protocol were provided by the Blood Bank of the National Institutes of Health Clinical Center. CD14 ϩ monocytes were purified by positive selection using anti-CD14 monoclonal antibody-coated magnetic microbeads as per the manufacturer's instructions (Automacs; Miltenyi Biotech, Auburn, CA). The purity of the CD14 ϩ cells was determined to be greater than 98% by flow cytometry using anti-CD14-phycoerythrin (PE) monoclonal antibodies (BD Biosciences, San Jose CA). Monocytes were cultured in 12-well plates at 6 ϫ 10 5 cells per well in Advanced RPMI medium 1640 (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (HyClone, Logan, UT), 2 mM L-glutamine (Invitrogen), 0.05 mM ␤-mercaptoethanol, 50 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF; Leukine; Immunex, Seattle, WA), 16 ng/ml interleukin-4 (IL-4; R&D Systems, Minneapolis, MN), 200 IU/ml penicillin, and 200 g/ml streptomycin sulfate (Invitrogen). Cells were incubated for 7 days at 37°C, 5% CO 2 . Following incubation, as determined by flow cytometry, the cells had phenotypic characteristics of immature DC, namely, CD1a ϩ CD14 low CD38 low CD11c high (43, 62, 69) .
Infection of DC. On day 7 of incubation with IL-4 and GM-CSF, the immature DC were harvested and their viability was assessed by trypan blue staining. Cells were seeded at 6 ϫ 10 5 cells per well in 12-well plates and inoculated at an input MOI of 2 with the recombinant viruses (wt RSV, UV-wt RSV, ⌬NS1, ⌬NS2, and ⌬NS1/2) or Escherichia coli O55:B5 lipopolysaccharide (LPS) at 1 g/ml (Sigma, St. Louis, MO). The cells were incubated at 37°C in a 5% CO 2 incubator. In experiments requiring blockade of IFNAR, DC were preincubated with 30 g/ml of blocking antibody specific to IFNAR subunit 2 (IFNAR2; CD118; PBL Laboratories, Piscataway, NJ) or mouse immunoglobulin G2a (IgG2a; R&D Systems), as an isotype control (the respective endotoxin levels in the two antibody preparations were below 1 and 0.1 endotoxin units per 1 g of antibody), for 1 h before virus inoculation. In the experiments involving exogenous IFNs, recombinant human IFN-␣2a or IFN-␤1a (PBL Biomedical Laboratories, Piscataway, NJ), referred to in the text as IFN-␣2 or IFN-␤, respectively, was added to the DC suspension at 24 h after infection at a final concentration of 1,000 IU/ml or 800 IU/ml, respectively, and after another 24 h, cells were analyzed by flow cytometry.
Flow cytometry analysis of DC. DC were analyzed for cell surface expression of various maturation markers by flow cytometry at 40 h postinfection. Briefly, most of the cells were collected by pipetting, and the remaining cells, which were attached to the bottom of the plates, were collected by applying staining buffer (phosphate-buffered saline containing 2% fetal bovine serum and 2 mM EDTA). Cells were pelleted by centrifugation at 200 ϫ g at 4°C for 5 min, the buffer was removed, and the pellet was resuspended in staining buffer. The cells were incubated for 20 min on ice in the dark with the monoclonal antibodies anti-CD80-PE (clone L307.4), anti-CD83-allophycocyanin (APC) (clone HB15e), anti-CD86-APC (clone FUN-1), anti-CD38-APC (clone HIT2), anti-CD54-PE (clone HA58), anti-HLA-ABC-APC (clone G46-2.6), anti-HLA-DR-APC (clone G46-6); IgG1-APC, IgG1-PE, and IgG2a-APC were the respective isotype control antibodies (all from BD Pharmingen, San Diego, CA). Following incubation, cells were washed three times with the staining buffer and resuspended in 200 l of the same buffer. Propidium iodide was added to the cells just prior to data acquisition to enable discrimination between live and dead cells. Data were acquired on a flow cytometer (FACSCalibur; BD Biosciences, San Jose, CA) and analyzed with FlowJo software version 8.4.6 (Tree Star, Inc., Ashland, OR).
Cytokine assay. Culture supernatant aliquots were collected at 6, 20, and 40 h postinoculation. The concentrations of IFN-␣ and IFN-␤ were determined by enzyme-linked immunosorbent assay (ELISA; PBL Laboratories and Invitrogen, FIG. 1. Insertion of a transcription cassette expressing enhanced GFP between the P and M genes of recombinant wt RSV and NS1/NS2 gene deletion RSVs. The diagram shows (from left to right) the end of the P gene, followed by an intergenic region, followed by the inserted GFP transcription cassette, in which the GFP ORF was engineered to be flanked with a copy of the gene start (GS) transcription signal from the RSV N gene and a copy of the gene end (GE) signal from the RSV G gene, followed by an intergenic region, followed by the start of the M gene. The sequence is positive sense, translation initiation and termination codons are in bold, and the ClaI and SalI restriction endonuclease sites used in the construction are italicized. In the original biological RSV strain A2 isolate on which the recombinant system is based, the intergenic region between the P and M genes has the sequence GGAAAGGGT. All of the viruses used in subsequent experiments were these GFP-expressing recombinants. Apoptosis assays. Immature DC were infected with wt RSV, UV-wt RSV, ⌬NS1, ⌬NS2, ⌬NS1/2, or mock infected, and at 24 and 48 h postinfection, apoptosis was evaluated by (i) flow cytometric detection of cell membrane phospholipid phosphatidylserine, measured by annexin-V-APC (Invitrogen) binding, (ii) flow cytometric detection of the activated form of caspase-3 using active PE-labeled caspase-3 antibody (BD Pharmingen), and (iii) quantitative analysis of genome fragmentation using a cell death detection ELISA (Roche Applied Science, Indianapolis IN). As a positive apoptosis control, cells were treated with 5 M staurosporine and incubated for 4 h at 37°C. For flow cytometric analysis with annexin-V and caspase-3 antibodies, dead cells, which could have died due to necrosis or apoptosis (and which did not differ markedly in abundance among the samples) were identified by staining with propidium iodide and fixable red dead cell stain (Invitrogen), respectively, and were excluded from the analysis.
Statistical analysis. The data were analyzed using a one-way analysis of variance with Tukey's multiple comparisons test as a post test using Prism-5 software (GraphPad Software, Inc., San Diego, CA). The data were considered statistically significant at a P level of Յ0.05.
RESULTS
Construction of recombinant wt RSV and NS1 and/or NS2 gene deletion viruses expressing enhanced GFP. We previously generated recombinant RSV in which the NS1 and NS2 genes were deleted individually and in combination (74, 79, 80) . For the present study, these gene deletion mutants and their wild-type parent were modified to express enhanced GFP from a gene cassette placed between the P and M genes (Fig.  1) . The G gene end signal was chosen for use in this cassette because it is among the most efficient of these signals and would have the minimum impact on the viral transcriptional program (41) ; the gene start signals are more highly conserved, and that of N is typical. The position between the P and M genes was chosen because it placed the foreign insert well downstream of the NS1 and NS2 genes, avoiding direct effects on the expression of NS1 and NS2. The viruses were propagated in Vero cells, expression of GFP by infected cells was confirmed by fluorescence microscopy, and the sequence of each virus was confirmed in its entirety. All of the experiments in this study used these GFP-expressing viruses, and for simplicity the GFP annotation will be omitted from the virus names.
NS1 is a suppressor of the type I IFN response in human DC. To investigate whether NS1 and/or NS2 suppresses the production of type I IFN in DC, as they do in human epithelial cells and macrophages (75), we inoculated immature DC with wt RSV, the NS1/NS2 gene deletion mutants, or wt RSV that had been inactivated by UV irradiation. As controls, additional cells were mock treated or were treated with LPS. Cells from five donors were analyzed in separate experiments. The DC culture supernatants were sampled at 6, 20, and 40 h postinoculation, and the concentrations of IFN-␣ and IFN-␤ were determined by ELISA ( Fig. 2 ; note that the 6-h time points are not shown because little or no IFN-␣ and IFN-␤ was detected in any of these samples). UV-RSV did not induce IFN-␣ or -␤ secretion. In DC infected with wt RSV, only a small induction of IFN-␣ and IFN-␤ was observed, an increase that was not statistically significant. In contrast, infection of DC with the ⌬NS1 or ⌬NS1/2 virus resulted in increased induction of IFN-␣ and IFN-␤ in each of the donors: for ⌬NS1 and ⌬NS1/2, the average increase in IFN-␣ at 20 h postinfection was 5.5-fold and 8-fold, respectively, and for IFN-␤ it was 36.3-fold and 39-fold, respectively, compared to wt RSV. Similar increases were observed at 40 h postinfection. In contrast, the increase observed with ⌬NS2 was minimal and comparable to that induced by wt RSV. There was no strong correlation between the level of production of IFN-␣ and IFN-␤ in DC from the same donor, although some donors had consistently high levels of production of both IFNs. These data indicate that, in human DC, the NS1, but not NS2 protein, is the major antagonist to the production of IFN-␣ and IFN-␤, which is similar to the effects of these proteins in human respiratory epithelial cells and macrophages (75, 76) .
Infectivity of NS1/2 gene deletion viruses in DC. To investigate possible effects of the NS1 and NS2 proteins and the differences in induction of type I IFNs on the ability of RSV to infect human DC, we inoculated immature DC derived from multiple donors in separate experiments with the panel of viruses at an input MOI of 2 and analyzed the expression of GFP 40 h later by fluorescence and conventional microscopy ( Fig. 3A ) and flow cytometry ( Fig. 3B to D) . Infection with any of the live viruses or stimulation with LPS resulted in DC aggregation starting at ϳ4 to 10 h postinfection (Fig. 3A , second row; stimulation with LPS is not shown). No changes in cell morphology or size due to infection or stimulation were evident by light microscopy ( Fig. 3A , third row). However, we did observe an increase in forward scatter (indicative of an increase in size) for approximately half of the population of virus-infected or LPS-stimulated cells, but not mock-infected cells, by flow cytometry, presumably reflecting aggregation due to maturation. There was no difference in the expression of maturation markers between these populations (data not shown). Analysis of GFP expression by fluorescence microscopy (Fig. 3A , top row) showed that a small fraction of cells was positive in cultures infected with each of the viruses. This was quantified by flow cytometry using the GFP marker, as shown by representative data from a single donor in Fig. 3B . The combined data ( Fig. 3C) showed that approximately 2 to 4% of the cells inoculated with wt RSV were positive for GFP. Compared to wt RSV, the mean percentage of positive cells was reduced by 20% and 12% for ⌬NS1 and ⌬NS1/2, respectively, and was increased by 26% for ⌬NS2 (Fig. 3C ). This modest reduction in percentages of GFP-positive cells for the viruses lacking the NS1 protein is consistent with the increased levels of the type I IFN in these cultures (Fig. 2) . Infection with the UV-inactivated RSV did not result in any GFP-positive cells, as expected (not shown). In cultures infected with any virus, the GFP-positive cells exhibited a range in the magnitude of GFP expression (Fig. 3B ). This heterogeneity in expression level, along with the low percentage of GFP-positive cells, presumably reflects variable susceptibility of individual cells to RSV due to a mechanism yet to be identified. In addition, flow cytometry analysis ( Fig. 3B and D) demonstrated a difference in the mean GFP intensity of the GFPpositive cells for the various viruses, with the following gradation of intensity: wt RSV Ͼ ⌬NS2 Ͼ ⌬NS1 Ͼ ⌬NS1/2. Previous studies indicated that deletion of the NS1 and NS2 genes did not have a significant impact on the kinetics and magnitude of viral gene expression, as measured in cells that do not produce type I IFN (32, 79) . This suggests that the reduced expression associated with these deletions here was not due to altered viral machinery but rather might be due, at least in part, to the IFN-mediated antiviral state, including possible effects on protein synthesis and mRNA stability (reviewed in reference 27).
The NS1 and NS2 proteins suppress maturation of DC. We next investigated whether deletion of NS1 and/or NS2 affected the ability of RSV to induce maturation of immature DC. Cells were inoculated with the panel of viruses at an input MOI of 2 or with the following controls: an equivalent amount of UVinactivated wt RSV, mock treatment, or treatment with LPS. The cells were analyzed 40 h later by flow cytometry for surface expression of seven functionally diverse maturation markers: CD80, CD83, CD86, CD38, CD54, HLA-ABC, and HLA-DR. CD80 and CD86 (also known as B7.1 and B7.2 molecules) serve as ligands for T-cell costimulatory receptor CD28 in activated T cells, thereby contributing to their activation (61), or as ligands for cytotoxic T-lymphocyte antigen 4 (CTLA4) in nonactivated T cells, resulting in their silencing (48) . CD83 (or HB15) (91) is one of the most important markers for fully mature DC (90; reviewed in reference 57) and functions as an enhancer of T-cell activation (39) . Engagement with CD83 ligand induces prolonged expansion of CD8 ϩ T cells and preferential enrichment for antigen specificity (30) . CD38 is an ectoenzyme that synthesizes ADP-ribosyl messengers involved in calcium signaling and also functions as a receptor that binds its counter-receptor, CD31. CD38 regulates DC activation, is functionally involved in the expression of CD83 and secretion of IL-12, plays an important role in DC chemotaxis and transendothelial migration, and contributes to the survival of mature DC (24) . CD54, or intercellular adhesion molecule 1, is important in leukocyte adhesion, such as during endothelial migration and during contact between DC and T cells engaged in T-cell activation (70) . HLA-ABC and HLA-DR are two respective representatives of the MHC class I and class II molecules that present the bound antigen to and activate CD8 ϩ and CD4 ϩ T cells, respectively, and are widely used for characterization of human DC maturation.
The levels of cell surface expression of the maturation markers CD80, CD83, CD86, CD38, and CD54 as measured by flow cytometry are shown in Fig. 4 . Figure 4A shows representative primary data for wt RSV, ⌬NS1/2, and mock treatment; Fig.  4B summarizes data for the complete panel of viruses and treatments using cells derived from seven different donors (note that the y axis in Fig. 4B indicates the level of expression relative to wt RSV as 100%). Compared to the mock-treated DC, inoculation with wt RSV resulted in a prominent upregulation of all of the maturation markers except CD83. Infection with UV-inactivated wt RSV did not increase the expression of any of the markers, indicating that virus replication is required to activate DC maturation. Some experiments were also performed with UV-inactivated ⌬NS1 RSV, which also did not increase the expression of any marker (data not shown). Interestingly, ⌬NS1/2 induced a statistically significant increase in expression of all of the maturation markers compared to wt RSV, and ⌬NS1 induced a statistically significant increase in expression of CD80 and CD38, but not the other markers. This was the case even though, as already shown in Fig. 3D , the level of intracellular viral gene expression by ⌬NS1/2 and ⌬NS1 in the DC was significantly reduced compared to wt RSV, as assayed by GFP fluorescence. In contrast, infection with ⌬NS2 RSV did not increase the expression of any of the five markers compared to wt RSV. This indicates that the higher expression of the maturation markers induced by ⌬NS1/2 RSV was mostly due to the lack of expression of NS1 rather than NS2 and that NS2 enhanced the antimaturation effect of NS1 but had no significant effect on its own. Expression of MHC-I and MHC-II was evaluated in a separate set of experiments with DC derived from five different donors. At the given MOI (2), no significant upregulation of either of these two molecules due to infection with any virus was detected (data not shown). We also compared expression of the maturation markers in the GFP-positive and -negative populations, with GFP expression taken as evidence of robust viral infection. Interestingly, after infection with wt RSV, expression of maturation markers by GFP-negative cells was only slightly lower than that by the GFP-positive cells. Moreover, the percent increase in the average geometric mean intensity (GMI) of CD80, CD83, CD86, CD38, and CD54 for ⌬NS1/2 RSV relative to wt RSV was similar in GFP-positive and -negative cells and was statistically significant for all markers except CD86 in GFP-positive cells (Table  1) . We also observed elevated expression of these markers in both GFP-positive and GFP-negative fractions of DC infected with ⌬NS1 RSV, compared to wt RSV, but the percent increase was statistically significant only for CD80 expression in GFP-negative cells (Table 1) . Taken together, these data suggest that the NS1 and NS2 proteins have a suppressive effect on DC maturation and that there was not a substantial difference between the GFP ϩ and GFP Ϫ populations. RSV NS1 protein suppresses the expression of a broad array of cytokines and chemokines by DC. DC maturation is characterized by upregulation of the expression of an array of cytokines and chemokines in addition to type I IFNs. To eval- (Fig. 5A) and VEGF, G-CSF, GM-CSF, IL-4, and IL-7 (data not shown) were not induced or were marginally induced by wt RSV compared to the mock-infected cells. Other cytokines and chemokines represented in the 30-member panel (see Materials and Methods) were below the level of detection in all wt RSV samples (data not shown). UV-inactivated RSV induced little or no secretion of any of the cytokines and chemokines and was essentially the same as the mock treatment.
In contrast, infection with the ⌬NS1 and ⌬NS1/2 viruses resulted in an increase in the expression of all of the cytokines and chemokines mentioned above except for G-CSF, IL-7, and VEGF. For many cytokines and chemokines, the increase in expression due to the lack of the NS1 protein was dramatic: for example, at 40 h after infection with ⌬NS1/2 RSV, the mean levels of TNF-␣ and RANTES/CCL5 exceeded that of wt RSV by 5.8-and 13.8-fold, respectively (Fig. 5) . However, infection with ⌬NS2 RSV resulted either in a lack of increase or only a marginal increase of cytokine/chemokine expression compared to wt RSV. These data suggest that the antagonistic effect of the NS1 protein on the immune response of the host is not limited to the suppression of type I IFN production but extends to a broad range of cytokines and chemokines.
Blocking type I IFN signaling results in increased infection of DC. It was of interest to investigate possible effects of type I IFN signaling on the ability of the viruses to infect DC. We used a neutralizing monoclonal antibody against IFNAR2 to block type I IFN signaling, since the antiviral activities of type I IFNs correlates well with their binding activities to IFNAR2 rather than IFNAR1 (31). The IFNAR2-blocking antibody, or an isotype control, was added to immature DC at a concentration of 30 g/ml and incubated for 1 h at 37°C, followed by inoculation with the panel of viruses at an input MOI of 2 or mock infection. At 40 h postinfection, the percentages of GFPpositive cells and the mean fluorescent intensity were determined by flow cytometry (Fig. 6 ). This showed that, for each of the viruses (wt RSV, ⌬NS1, ⌬NS2, and ⌬NS1/2), the percentage of GFP-positive cells increased 1.5-to 2-fold in DC that had been treated with the IFNAR2-blocking antibody compared to the isotype control. This increase was statistically significant for each virus except for ⌬NS2, for which there was significant donor variability and for which the overall increase in the percentage was smaller. Interestingly, the mean fluorescence intensity of the infected cells was increased ϳ3-fold for wt RSV with the antibody blockade, while smaller increases that were not statistically significant were observed for the deletion mutants (Fig. 6) . The increase in the number of GFPpositive cells and in the level of GFP expression within this population in response to the antibody blockade presumably reflects a reduction in the IFN-mediated antiviral state, as might be expected with reduced signaling through IFNAR. Following the IFNAR blockade, the intensity of GFP expression remained greater for wt RSV than for the NS deletion mutants. Since only IFNAR, and not the IFN receptor, was blocked in these experiments, it may be that there was a residual antiviral effect due to IFN signaling, which would be more efficiently inhibited by wt RSV than by the mutants lacking one or more of the NS proteins, resulting in greater GFP expression with wt RSV (21, 59) .
Suppression of DC maturation is associated with suppression of type I IFN production. Since expression of the NS1 and, to a lesser degree, NS2 protein was associated with reduced expression of type I IFNs in DC and reduced activation of DC maturation, we next investigated whether these events are linked. Immature DC were treated with the IFNAR2-blocking antibody and inoculated with the panel of viruses or mock infected, as already described, and the surface expression of CD86, CD83, and CD38 was evaluated by flow cytometry 40 h later ( Fig. 7A and B) . We found that, in DC treated with the IFNAR2-specific antibody, expression of the markers of maturation was reduced compared to the cells treated with the isotype control antibody. We also analyzed GFP-positive and -negative populations for maturation marker expression. Interestingly, these data demonstrated a reduction in expression of maturation markers in response to the IFNAR blockade in b Significantly different from wt RSV (P Ͻ 0.01). c Significantly different from wt RSV (P Ͻ 0.001).
FIG. 5. Concentrations of selected cytokines (A) and chemokines (B)
in the medium 20 and 40 h after inoculation of immature DC with the indicated viruses at an input MOI of 2 or an equivalent amount of UV-inactivated wt RSV, mock treatment, or treatment with 1 g/ml LPS. Three donors are represented by different symbols, with the same donors/symbols used in each panel. The DC supernatants were analyzed in a Luminex bead assay except in the case of IP-10/CXCL10, which was determined by ELISA. Note that the IL-12/23 p40 subunit is shared with IL-23, a cytokine that enhances IFN-␥ production but mainly in memory rather than naïve T cells.
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on June 25, 2017 by guest http://jvi.asm.org/ both the GFP-positive and -negative cells (Fig. 7C) . Taken together, these results suggest that the increased maturation of DC due to the lack of NS1 protein is related, at least in part, to the increased production of type I IFNs. While robust infection of a fraction of the DC population was necessary for significant maturation of the total population, whether or not a given cell was robustly infected did not significantly affect its maturation. Suppression of chemokine expression is associated with suppression of type I IFN. The observed suppression of the expression of multiple cytokines and chemokines by the RSV NS1 protein might be caused by two distinct mechanisms. First, the suppressive effect of NS1 could be a consequence of a direct suppressive effect on the activation of transcription factors that regulate gene expression of these cytokines and chemokines. Second, the suppressive effect may be a result of suppression of type I IFN production and signaling, which directly or indirectly control transcription of multiple genes involved in inflammation, including cytokines and chemokines, and which may be required for maturation of DC (reviewed in reference 82). To distinguish between these possibilities, immature DC were treated with the IFNAR2-blocking antibody or isotype control antibody and were inoculated with the panel of viruses, as already described. At 40 h postinfection, aliquots of culture supernatants were collected, and the concentrations of the cytokine TNF-␣ and chemokines RANTES/CCL5 and MIP-1␤/CCL4 were analyzed by ELISA (Fig. 8) . DC from three individual donors were analyzed in three separate experiments. The blockade of IFN signaling did not appear to affect the levels of TNF-␣. In contrast, there was a marked reduction of RANTES/CCL5 expression for most of the donors, although the average values were not statistically significant due to a high variability between the samples from individual donors. The levels of MIP-1␤/CCL4 in DC from two of three donors were only slightly upregulated by wt RSV or any deletion mutant (data not shown), which was similar to the lowlevel secretion of MIP-1␤ by DC from one donor, as shown in Fig. 5B , presumably reflecting a low responsiveness of these donors. For the third donor, with a substantial upregulation of MIP-1␤ in response to the viruses, its level was markedly reduced in response to IFNAR2 blockade (Fig. 8) . These data suggest that at least in part, suppression of cytokine/chemokine expression by the NS1 protein is a consequence of the type I IFN suppression.
Effect of exogenous IFN on the maturation of mock-and virus-infected DC. Next, we investigated the effects of exogenously added IFN on mock-infected and virus-infected DC. Immature DC were mock inoculated, or inoculated with the panel of viruses, or treated with LPS. Twenty-four hours later, exogenous IFN-␣2 or IFN-␤ was added to a final concentration of 1,000 IU/ml or 800 IU/ml, respectively. The cells were incubated for an additional 24 h, and the level of maturation was evaluated by analysis of CD83, CD86, and CD38 expression by flow cytometry (representative results for CD38 are shown in Fig. 9 ). We found that the addition of IFN-␣2 upregulated expression of CD38 in mock-infected DC by 161 Ϯ 82% and in DC treated with UV-inactivated RSV by 131 Ϯ 42% (mean percent increase based on DC from three donors Ϯ standard error). Similarly, addition of IFN-␤ increased expression of CD38 by 348% and 333% (mean percent increase based on DC from two donors), respectively. These increases were comparable to those induced by wt RSV and ⌬NS2 but were approximately half those induced by ⌬NS1 and ⌬NS1/2. The addition of exogenous IFN to any of the virus-infected cultures or to the LPS-treated cultures did not augment the level of expression of CD38 (Fig. 9) . Although exogenous IFN upregulated the expression of CD38, it had no effect on the expression of CD83 or CD86 in any of the cultures, including mockinoculated and virus-infected cells, at least for these two species of IFN (not shown). These results are consistent with published studies showing that type I IFN enhances maturation of DC in response to exogenous stimuli but is not a potent inducer of DC maturation on its own (46) and that the production of IFN by DC in response to stimulation with LPS or poly(I-C) results in saturation of IFN-stimulated signaling and downregulation of IFNAR expression, making the cells refractory to further stimulation with IFN (71).
NS1 and NS2 are not antiapoptotic in human DC. It was recently demonstrated that, in A549 human lung epithelial cells and primary human epithelial cells, the RSV NS1 and NS2 proteins suppress apoptosis at early (24 h) but not late (48 h) times postinfection (8) . We confirmed this finding with the present set of viruses (data not shown). To evaluate possible effects of RSV NS1 and NS2 proteins on apoptosis in DC, we inoculated immature DC with the panel of viruses at an input MOI of 2 or with a mock treatment. As a positive control of apoptosis, we treated cells with staurosporine, an inhibitor of protein kinases (78) that is a powerful inducer of apoptosis (34) . The level of apoptosis was evaluated at 24 and 48 h postinfection by three methods (Table 2 ): (i) flow cytometric analysis of cell membrane phospholipid phosphatidylserine, which is translocated from the inner to the outer leaflet of the plasma membrane during early stages of apoptosis (50, 60) and was detected by staining with annexin-V, which binds the phospholipid; (ii) flow cytometric analysis of the activated form of caspase-3, which is one of the major executioner caspases and is expressed as an inactive proenzyme that must be activated by cleavage by self-proteolysis or by upstream caspases (reviewed in reference 56); and (iii) quantitative analysis of cellular genome fragmentation, which typically occurs during the later stages of apoptosis (1, 89), using an ELISA specific for cytoplasmic histone-associated DNA fragments (mono-and oligonucleosomes). In the two assays involving flow cytometry (annexin V and activated caspase-3), both the total population and the GFP-positive subpopulation were analyzed; in the DNA fragmentation assay, only the total DC population could be analyzed (Table 2) . By all three assays, the total populations of DC inoculated with wt RSV and the various mutants exhibited less apoptosis than the mock-treated or UV-inactivated virus-treated controls. The antiapoptotic effect of infection might be explained by the observation that RSV infectivity was necessary to induce maturation and that maturation is known to protect against apoptosis (47) . On the level of the total cell population, there were no consistent differences in the amount of apoptosis among the various viruses. Analysis of the GFPpositive populations showed that ⌬NS2 tended to be associated with a somewhat increased number of apoptotic cells compared to wt RSV at 24 h, but not 48 h. In any event, the level of apoptosis associated with ⌬NS2 was comparable to but not greater than that of the total mock-treated or UV-inactivated RSV-inoculated culture. Here, too, the level of apoptosis seemed to depend inversely on the level of DC maturation: apoptosis was greatest among the deletion mutants in the case of ⌬NS2, where maturation was the least, and this increase was reversed when the NS2 deletion was combined with the maturation-promoting NS1 deletion.
DISCUSSION
Several viruses, including measles virus (35) , Ebola virus (9, 49), herpes simplex virus (39, 58) , cytomegalovirus (52), simian virus 5 (SV5) (2), and influenza virus (23) , have been shown to induce DC maturation, at least to some extent, but also were shown to block full maturation. RSV has been demonstrated in previous work (18, 25) and in the present study to induce maturation of DC, at least to some extent, but RSV-matured DC have been reported to have a strongly impaired capability to activate CD4 ϩ T lymphocytes (18) , implying that there is an RSV-specific suppression of maturation. We hypothesized that the RSV interferon antagonists NS1 and NS2 might be factors that impair DC maturation. Indeed, in the present study we found that deletion of the NS1 protein resulted in an increase in DC maturation, implying that the protein normally plays a suppressive role. The increase in maturation associated with the deletion of NS1 was augmented by the further deletion of NS2, although deletion of NS2 alone did not have a significant effect.
DC maturation was monitored by the cell surface expression of several biologically diverse markers of maturation and by assay for the production of an array of cytokines and chemokines. Among the maturation markers tested, CD83 and CD38 were the most dramatically upregulated by the lack of NS1 and NS2 (Fig. 4) . Suppression of CD83 by the NS1/2 proteins may result in a weaker stimulation of T cells due to less effective costimulatory function, as well as reduced expansion of the antigen-specific CD8 ϩ cells (30) . Suppression of CD38 may result in a reduced survival of mature DC and a reduced polarization of T cells toward Th1 (24) . TNF-␣ and RANTES/ CCL5 were among the cytokines and chemokines whose expression was upregulated the most by the lack of NS1 and NS2. TNF-␣ is a pleiotropic proinflammatory cytokine that has multiple biological effects. In response to RSV infection, TNF-␣ also is produced by human alveolar macrophages (7) and peripheral blood mononuclear cells (4) . TNF-␣ is an important mediator of RSV-induced lung pathology and plays an important role in RSV clearance (64) . RANTES/CCL5 is a proinflammatory CC chemokine which is strongly upregulated by RSV infection in various cell lines, including upper (65) and lower (54) airway epithelial cells and macrophages (17) . In the mouse model, RANTES/CCL5 has also been shown to contribute to exacerbation of allergic airway inflammation by RSV (33) and plays a central role in lung inflammation during RSV infection (17) . Expression of many of these cytokines and chemokines, including TNF-␣, IL-12, IL-10, RANTES/CCL5, MIP-1␣/CCL3, and MIP-1␤/CCL4, is known to be induced by type I IFNs (reference 81 and references therein). It also is noteworthy that deletion of NS1 resulted in a substantial increase in the expression of IL-12/23 p40 and IL-10. Expression of IL-12 or IL-10 by DC is associated with an enhanced activation of Th1 or Th2 cells, respectively, and it is not clear what the effect would be of upregulating both of these antagonistic Th-polarizing cytokines.
We found that the suppression of the expression of DC surface maturation markers and cytokines associated with the NS1 and NS2 proteins depended, in large part, on antagonism of the type I IFN response. This was demonstrated by the ability of an IFNAR2-blocking monoclonal antibody to substantially block the increase in maturation marker and cytokine expression associated with deletion of NS1 and NS2. IFNAR2 blockade also reduced the level of maturation induced by wt RSV, indicating that IFN contributed to maturation even in the presence of NS1 and NS2. The conclusion that type I IFN is important for DC maturation during wt RSV infection was supported by a recent study in vivo, which was published while the present manuscript was in preparation, showing that IFNAR signaling is required for wt RSV-induced expression of DC maturation markers and optimal cytokine/chemokine production in the mouse model (63) . IFN-␣/␤ have been described as strongly enhancing DC maturation in combination with various other activation stimuli, such as ligation of toll-like receptors or costimulatory molecules or viral antigens (46, 66, 85; reviewed in reference 82). In contrast, on its own, IFN induces only partial maturation of DC, characterized by some upregulation of CD40, CD80, CD86, and MHC class I and II, but not CD83 (46) . In our hands in the present study, IFN-␣2 and IFN-␤ failed to induce upregulation of CD86 as well as CD83 in uninfected DC.
While secreted IFN clearly played a substantial role in DC maturation in RSV-inoculated cultures, it probably did not fully account for maturation. Although a substantial reduction in maturation marker expression was observed upon blocking IFNAR2 signaling, it did not completely block DC maturation (Fig. 7) . This might reflect leakiness in the blockade, but it also suggests that other factors may play a role. This also is sug- a Immature DC were inoculated with the indicated viruses at an input MOI of 2 PFU/cell, and percentages of annexin V-positive or caspase-3-positive cells were determined for both the total DC and GFP-positive DC populations at 24 and 48 h postinfection. The extent of DNA fragmentation was determined for the total population at 24 and 48 h postinfection by ELISA. Three donors are represented: each assay involved a different donor.
b NA, not applicable, since no green fluorescent cells were detected in the samples. c The positive control in the annexin V and activated caspase-3 assays was immature DC treated with 5 M staurosporine; the positive control for the DNA fragmentation ELISA was provided with the kit.
gested by the observation that CD83 and CD86 were not upregulated significantly in response to IFN-␣2 and IFN-␤ but were significantly upregulated in response to ⌬NS1/2. The magnitude of upregulation of CD38 induced by IFN alone was approximately half that induced by ⌬NS1/2, tempting one to conclude that type I IFN might account for approximately half of the maturation induced by that mutant. However, one cannot reliably make this comparison, since the virus-inoculated cultures presumably produce multiple species of IFN as well as other potentially synergistic factors, such as TNF-␣, that confound direct comparison. We had anticipated that activation of intracellular signaling pathways by intracellular viral RNA synthesis might be important in the activation of maturation, especially in cells that were robustly infected and GFP positive. However, we were surprised to find that there was little difference in the extent of maturation between GFP-positive and GFP-negative cells. We also were surprised to find that the antibody-mediated blockade of IFN signaling reduced the maturation of GFP-positive as well as GFP-negative cells. Thus, it appears that both the GFP-positive and -negative populations depended, in large part, on exogenous type I IFN for maturation (Fig. 7C) .
The implication of a role for type I IFN in DC maturation in response to RSV infection differs from recently published data involving infection of human immature DC with SV5 or influenza A virus (2, 45) . In those studies, deletion of the respective viral antagonist of the type I IFN response, namely, the NS1 protein of influenza A virus (which is unrelated to the NS1 protein of RSV) and the V protein of SV5, augmented the expression of DC maturation markers and cytokines, but this effect was not blocked by the inclusion of antibodies to IFN-␣ and -␤ in the cell culture medium (2, 45) . Thus, these previous studies concluded that, while the type I IFN signaling pathway was important in DC maturation in response to those viruses and was inhibited by the respective viral antagonists, secreted IFN-␣ and -␤ were not necessary for DC maturation. The formal possibility exists that the IFN-␣/␤ blockade in these previous studies was incomplete due to incomplete neutralization. It also is possible that another IFN was involved, such as IFN-, a type I IFN that is expressed in leukocytes and binds to IFNAR (19) , or IFN-, a family of several cytokines that signal type I IFN-like antiviral responses through a distinct receptor and which are strongly suppressed by the RSV NS1 (76) and might similarly be suppressed by the IFN antagonists of SV5 and influenza viruses. However, the likeliest interpretation is that maturation of DC in response to RSV indeed differs from the situation with SV5 and influenza virus in being substantially dependent on secreted IFN. The basis for this difference remains unknown: likely, it is not due to the low infectivity of RSV, since GFP-negative and -positive cells did not greatly differ in the extent of maturation, as already noted.
The role of the NS1 and NS2 proteins in RSV immunobiology has received added interest because the current live attenuated RSV vaccine candidates include ones involving deletion of NS2 in combination with a menu of attenuating mutations (88) or involving deletion of NS1 on its own (unpublished data); deletion of both may be overattenuating and is not presently being considered. As already mentioned (see the introduction), there is evidence from experimental animals suggesting that deletion of NS1 and/or NS2 provides for enhanced adaptive immune responses (37, 83) . The finding that deletion of NS1 and NS2 provides for increased DC maturation would be consistent with this idea. However, the role of type I IFN in the development of immune effector mechanisms remains controversial. While some studies have demonstrated positive effects of type I IFN on T-cell activation, clonal expansion, and memory formation (36, 77) , other studies have reported a negative effect on the development of T-cell responses (13, 51, 68) . In our case, deletion of the NS1/2 interferon antagonist proteins resulted in a ϳ50% increase in the expression of maturation markers (Fig. 4) and a greater (up to severalfold) increase in cytokine and chemokine secretion (Fig.  5) . These effects are comparable with those described for SV5, where mutations disabling the viral IFN antagonist gene resulted in a ϳ50 to 100% increase in expression of human DC maturation markers. In that case, the enhanced DC maturation was associated with two-to eightfold more effective proliferation of autologous T cells (2) . In our case, the potential effect of the upregulated expression of maturation markers, cytokines, and chemokines on T cells remains to be evaluated. In addition, the increased expression of proinflammatory cytokines associated with the NS1 deletion in the present study raises the possibility that an NS1-based vaccine might have increased reactogenicity compared to one based on the complete complement of RSV genes or based on an NS2 deletion. It will be important and interesting to monitor the responses to these candidate vaccines during clinical trials, although in infants and young children it is difficult to obtain the necessary clinical samples in sufficient quantity and frequency.
A recent study showed that silencing the expression of the RSV NS1 and NS2 proteins during RSV infection in epithelial cells resulted in enhanced apoptosis (8) , a finding that we confirmed with the present set of NS deletion viruses (data not shown). This previous study showed that, during wt RSV infection, the expression of NS1 and NS2 activates the antiapoptotic phosphoinositol 3-kinase pathway and that silencing the expression of these proteins ablates this protective effect. However, in the present study, inoculation of DC with wt RSV and each of the NS deletion mutants conferred protection against apoptosis compared to mock-treated and UV-inactivated RSV-inoculated cells. This difference between epithelial cells and DC may be due to the strong antiapoptotic effects of DC maturation. Activation of DC maturation by antigen is known to result in the induction of antiapoptotic proteins of the Bcl-2 family and to confer protection from apoptosis (47) . More recently, the engagement of toll-like receptors 4 and 6 in SV5-infected DC was shown to promote maturation through NF-B-dependent signaling and to confer protection from apoptosis (3). RSV is known to engage toll-like receptor 4 (42) and induce antiapoptotic proteins of the Bcl-2 family (38) , and infection induces NF-B signaling that is augmented by the NS2 protein through an unknown mechanism (76) . When the GFP-positive fraction of RSV-inoculated DC was examined, there was some increase in the level of apoptosis associated with deletion of NS2, which might have been due to a possible loss of activation of the phosphoinositol 3-kinase pathway and/or the reduction in NF-B signaling associated with deletion of the NS2 protein. However, the observed level of apoptosis did not exceed that observed in mock-treated or UV-inactivated RSV-inoculated cultures. Furthermore, the increase in apoptosis associated with the NS2 gene deletion was reversed by combination with the NS1 deletion, indicating that the promaturation, antiapoptotic effect of the latter was dominant. These findings with RSV are reminiscent of studies with SV5, for which introduction of mutations that ablate the type I IFN antagonism of the V protein resulted in an increased apoptosis in A549 human lung epithelial cells, but not in human DC (2, 86, 87) , suggesting that the balance between the pathways that determine apoptosis in these two types of cells is different.
Several mechanisms of immune evasion have been identified for RSV. They include, but are not limited to, antagonism of type I IFN induction and signaling (10, 75, 76) , suppression of the innate response by the cysteine-rich region of the G protein (28) , interference with normal macrophage and DC functions (6, 18, 55, 67) , sequence diversity in the G protein, one of the two major protective antigens (15) , and tropism for the superficial cells of the respiratory lumen, where the efficiency of the immune defense is reduced. The data presented here provide evidence that the suppression of type I IFN mediated by the RSV NS proteins suppresses maturation of DC and may be a factor in suppressing the adaptive immune response and providing for reinfection throughout life.
